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Executive Summary

Mountainous systems cover approximately 23% of Earth’s land and are distributed across all continents.
They can capture and store atmospheric moisture that is then cycled through the terrestrial surface and
subsurface system, released to downstream communities, and cycled back to the atmosphere.
Characterized by steep gradients, geological, ecological, and biogeochemical diversity, mountain
hydroclimate is influenced by topographic forcing and elevated warming and is susceptible to large
subseasonal to multidecadal variability and rapid changes. Global warming impacts, such as multidecadal
declines in mountain snowpack, longer growing seasons, and increased frequency and severity of extreme
events like droughts and wildfires, have cascading effects on terrestrial hydrological and biogeochemical
cycles. However, such effects and their feedbacks on climate systems and surface-subsurface
compartments are unknown. Another critical knowledge gap, given human reliance on mountain systems
for stable water supply and quality, is understanding the implications of changing hydroclimate and
extreme events on hydro-biogeochemical cycles across atmosphere, terrestrial, and human systems in
mountain regions and beyond. The increasing vulnerability of mountain systems to climate change and
human perturbations motivates the need to improve understanding of integrated mountain hydroclimate
systems and their feedbacks and impacts on humans across scales. However, with large heterogeneity and
strong gradients, coupled natural-human processes in mountain regions present significant challenges for
observations, modeling, predictions, and projections.

In this report, “integrated mountain hydroclimate” is defined as the collection of system components and

complex processes in mountainous regions—spanning the deep subsurface, surface, and atmosphere—
that interact at multiple spatiotemporal scales in response to natural and human influences.

Motivated by gaps in mountain hydroclimate understanding, observing, and modeling and the need for
credible projections of future changes, the U.S. Department of Energy’s (DOE) Biological and
Environmental Research (BER) program organized a virtual workshop on “Understanding and
Predictability of Integrated Mountain Hydroclimate.” Sponsored by BER’s Earth and Environmental
Systems Sciences Division (EESSD), the workshop aimed to inform and catalyze EESSD’s growing
interests in enhancing predictive understanding of integrated mountain hydroclimate. Organizers
structured the workshop to identify (1) knowledge gaps, (2) observational and modeling challenges, (3)
research opportunities in the short (i.e., 1 to 3 years) to long term (i.e., 10 years and beyond), and (4)
strategies for fostering collaboration and coordination. To address the outstanding challenges of
integrated mountain hydroclimate, the workshop included two sessions organized by disciplinary, cross-
disciplinary, and crosscutting science topics. The disciplinary and cross-disciplinary topics focused on
essential elements of the integrated mountain hydroclimate: atmosphere, terrestrial, and human systems
and their interactions. Breakout sessions on the disciplinary and cross-disciplinary topics facilitated
identification of crosscutting topics and central emerging themes. Session 1 focused on connecting
existing DOE investments to accelerate progress related to scientific challenges in understanding
mountain hydroclimate. In Session 2, participants further explored key takeaways from Session 1 through
the lens of multiagency collaborations and coordination.

The figure below summarizes the workshop goals and structure. For Session 1, key findings that emerged
from the disciplinary and cross-disciplinary topics are summarized by the thematic outcomes, and the

il
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discussions on the crosscutting topics are summarized by the integrated activities. This report also
describes the multiagency activities, coordination, and collaborations discussed in Session 2.

INTEGRATED MOUNTAIN HYDROCLIMATE WORKSHOP

« |dentify science gaps, challenges, and research opportunities
« Increase collaborations and coordination within DOE and between agencies

WORKSHOP THEMATIC AGENCY ACTIVITIES,
STRUCTURE OUTCOMES COORDINATION, AND

COLLABORATIONS
« Disciplinary and cross- - Mountain extremes
disciplinary sessions on
atmosphere (A), terrestrial

(T), and human systems (H)

Successful collaborations

« Scaling of mountain :
require:

processes and data
. : o « Research-to-operations
« Crosscutting sessions on e o b (R20) and operations-to-
A-T-H interactions, integrat- || - Data-model integration research (02R) development
ed mountain hydroclimate
variability and change, and
societal connections and

implications

« Uncertainty in mountain cycles
hydroclimate research A shared understanding of
the prediction problem

- Ongoing activities across I IE B G
agencies and perspectives on INTEGRATED ACTIVITIES 3G R

) ) . research
interagency collaborations - Extreme events and impacts
« Bottom-up and top-down

- Transferrable knowledge collaboration business

- Actionable science models

« Defining priority regions

Fig. ES.1 Workshop Goals and Structure.
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Science Gaps, Challenges, and Research Opportunities

The science gaps, challenges, and research opportunities identified at the workshop are synthesized by
thematic topics and discussed below.

Mountain Extremes

Extreme events occurring in mountain regions include heavy orographic-driven precipitation, rain-on-
snow events, rapid and early onset snowmelt, hot droughts driven by temperature and evaporation
anomalies, snow and precipitation droughts caused by temperature and precipitation anomalies, and
wildfires resulting from anomalies of temperature, humidity, soil moisture, fuel load, and fuel moisture.
Extreme events present major threats to mountain ecosystems and play important roles in the global
climate system and in broader energy, water, and food security. Threats and impacts to humans from
extreme events in mountain regions include flooding, power outages, critically low water yields that
affect hydroelectric power and agriculture, and nutrient loading. Considering these impacts, research on
extremes in mountains and their future intensification is critical. While much research has focused on the
drivers of extreme events, there are major gaps in (1) quantifying thresholds and tipping points before and
after extreme events, (2) determining the scales at which extreme events interact to cause downstream
impacts, (3) identifying feedbacks of extreme events on the regional and global hydrological cycle, (4)
understanding changes of extreme mountain phenomena in the coming decades, (5) assessing the threat of
growing water demand, and (6) examining mitigations of extreme event risk to agriculture, water supply,
and water demand and quality. Workshop participants also highlighted compounding extreme events,
such as snow droughts and wildfire, as critical research gaps because of their interdependence on each
other and on mountain hydroclimate regimes, their vulnerability to changing snow conditions, and the
direct human influence on wildfire risk associated with expansion of wildland-urban interfaces along
mountain foothills. These knowledge gaps present the following research opportunities:

e Advance the understanding and modeling of snowpack spatial distributions and regimes that drive
extreme events—including rain-on-snow flooding and compound extremes related to snow
drought and wildfires—by developing long-term, spatially comprehensive, and frequent
observations of snowpack.

e Improve quantification of the downstream impacts of extreme events and thresholds and tipping
points by developing long-term datasets of mountain biomes to quantify ecosystem steady states
before extreme events.

e Understand a range of system outcomes of extreme events by leveraging paleo- and synthetic data
combined with in situ and remote sensing data.

e Gather critical extreme event—scale data using rapidly deployable observational campaigns.

e Improve the entire chain of models, encompassing weather, climate, hydrology, ecosystems, and
risk, to understand feedbacks of extreme events on the hydrological cycle and develop novel and
transformative mitigation strategies.

e Better understand extreme event thresholds and disentangle anthropogenic land-use factors from
atmospheric and terrestrial influences by leveraging the co-benefits of nontraditional
experimental campaigns such as controlled forest management.
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Scaling of Mountain Processes and Data

Understanding the spatiotemporal scaling of processes and data is difficult in mountain regions at short
and long time scales. The challenges arise from these regions’ large topographic gradients, heterogeneous
biomes, and varying land cover and use, which can amplify the spatiotemporal variability of
hydroclimates and their response to anthropogenic activities. Undersampling the extreme spatiotemporal
variability of mountain regions limits the ability to scale mountain processes, such as orographic
precipitation, snowpack distribution, streamflow generation, and biogeochemical fluxes, and limits use of
this data as model inputs and benchmarking datasets. Additional observational and modeling challenges
arise from the spatial connectivity within mountain regions through surface and subsurface hydrology and
between mountains and their upstream and downstream regions through atmospheric processes and
connected human systems. Important gaps and challenges include (1) a wealth of data exists but has yet to
be fully curated, quality controlled, and utilized; (2) observational networks are not keeping pace with
increasing modeling needs; (3) gridded products have limited to no validation in mountain regions; (4)
undersampling across elevation gradients with limited temporal coverage leads to simplified interpolation
products with limited value for climate variability and climate change analysis time scales; and (5)
spatiotemporal scale mismatches among measurements, modeling, and decision-making prevent
realization of the full potential of EESSD’s model-experiment (ModEx) approach
(ess.science.energy.gov/modex/), especially at climate variability/change time scales. These challenges

may be addressed through the following opportunities:

e Determine and close short- and long-term spatiotemporal observational gaps and optimize
experimental sampling design using systematic approaches.

e Improve sampling of spatiotemporal variability to understand scaling of mountain processes
using flexible, nimble, and networked mobile data collection platforms (e.g., artificial
intelligence—guided, 5G, and autonomous frameworks).

e Bridge scales by using, for example, space-for-time approaches (i.e., substituting temporal
sampling with spatial sampling across environmental and mountain gradients), paired catchment
studies, and new upscaling approaches between point measurements and remote sensing to
leverage the wealth of temporal data at point scales.

e Improve gridded products by integrating multisource, multiscale datasets from vast observational
networks for value-added products and data harmonization using artificial intelligence (Al) and
machine learning (ML).

e Better leverage underutilized data by more comprehensively and systematically integrating and
analyzing data from past field campaigns and developing new ways to incorporate these data into
state-of-the-art models as a pre-ModEXx activity before designing and developing new operational
and observational networks.

e Facilitate knowledge transfer and promote the use of observations for model development and
evaluation through better coordination of long-term collaborative research stations and networks
across different global mountain regions and develop research networks that involve scientists
and stakeholders as partners at the onset.

e Generate new theoretical and conceptual scaling constructs of mountain regions by producing and
combining multiple independent data streams, such as geophysics, hydrometrics, and tracers, into
subsurface-through-atmosphere data collages.

e Enhance decision-making by collecting and analyzing data across systems and scales using
citizen science, crowdsourced data, and integrated social science and community engagement.

vi
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Modeling and Prediction of Mountain Processes

Many processes important to mountain hydroclimate are missing or poorly represented in coupled
modeling frameworks, limiting the ability to understand and predict bedrock-through-atmosphere
processes in mountain systems, particularly in the face of change. To address mountain hydroclimate
challenges, coupled modeling frameworks should include novel process-based coupling (such as deep
bedrock fracture flow coupled with vegetation) and microbial biogeochemical cycling from deep bedrock
weathering as a response to and a driver of atmospheric feedbacks (e.g., carbon dioxide release). Notably,
even small-scale storms can significantly affect flooding, and hillslope-scale hydrological processes can
create hot spots and hot moments of biogeochemical activity with large signatures that feed back to the
atmosphere, highlighting the need to model multiscale processes in mountain regions. Major challenges in
modeling and prediction include (1) determining the process representation and spatial resolution needed
to credibly simulate mountain hydroclimate variability, change, and feedbacks in different regions; (2)
advancing rudimentary observations, understanding, and modeling of system feedbacks, tipping points,
and steady states in mountain systems; (3) developing benchmark observational datasets needed for
model evaluation; and (4) improving the limited representations of human systems in modeling of
integrated mountain hydroclimate. These challenges highlight the following opportunities for advancing
modeling and prediction of mountain hydroclimate:

e Inform model development and experimental design by systematically evaluating the impact of
model complexity, resolution, coupling, and ensemble size.

e Address cross-disciplinary scaling challenges by developing benchmarking datasets and novel
metrics where science gaps exist, including (1) orographic precipitation, (2) concentration-
discharge relationships, (3) evapotranspiration and atmospheric carbon fluxes, (4) wildfires, (5)
human system components (e.g., related to infrastructure operations, wildland-urban interfaces,
cloud seeding, or water management activities), and (6) spatiotemporally dense precipitation.

e Improve coupling of bedrock-to-atmosphere processes for models across a range of resolutions,
including representation of process interactions at the subgrid scale.

e Overcome limited understanding of system feedbacks and tipping points in mountain systems
through enhanced modeling of bedrock-through-atmosphere coupling.

e Represent human systems in models of mountain regions by developing a typology of human
systems and their interactions with other mountain processes.

e Advance the design of novel numerical experiments to understand system feedbacks and tipping
points in mountain hydroclimate changes through hierarchical modeling of atmospheric,
terrestrial, and human systems and their interactions for mountain regions, including models of
different complexities and configurations.

e Better represent human systems in models by developing new testbeds that leverage historical
observational datasets and stakeholder community input.

e Develop benchmarking datasets and design modeling experiments and intercomparisons that
integrate model transferability in the entire modeling process, from developing models to
developing diagnostics and metrics for model evaluation.

Data-Model Integration in Mountain Regions
Although many past and ongoing studies include aspects of both modeling and observations, critical gaps
in data-model integration exacerbated for mountain regions limit advances in mountain hydroclimate
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understanding and modeling. One challenge is the limited ability to use data in models because the data
do not adhere to model spatiotemporal and quality assessment/quality control requirements (e.g., data
from rugged terrain, limited spatiotemporal footprints, and absence of wireless networks to transfer data
in real time). Another gap involves breaks in the ModEx cycle due to limited observational and numerical
experimental designs that precede model development. In addition to the research opportunities discussed
in the previous two sections, the following opportunities emphasize data-model integration to jointly
advance data and modeling capabilities:

e Close spatiotemporal gaps and improve availability of mountain modeling datasets by expanding
collaborations with research and nonresearch partners (e.g., local agencies and technology firms).

e Integrate measurements, multiscale models, and ML to inform observational needs and model
development for improved understanding and modeling of mountain systems.

e Advance and expand model-data integration approaches for mountain processes by using, for
example, instrument simulators in models to more directly compare what instruments observe and
what models simulate. Also employ real-time data assimilation to integrate data with models and
conduct observing-system simulation experiments to evaluate the value of a new observing
system before its deployment.

e Better represent critical mountain processes, including hydrological, ecological, and human
systems, in current Earth system models by developing Al emulators based on data and model
simulations.

e Improve modeling of atmosphere-terrestrial-human interactions and feedbacks using hierarchical
modeling capabilities that represent cross-scale interactions of atmospheric and terrestrial
processes to enable ModEx-based explorations.

e Harmonize and integrate terrestrial and human data to the same spatiotemporal resolution to
facilitate generalization of human-Earth interactions. For example, use AI/ML models to integrate
field experiments and other data.

Uncertainty in Mountain Hydroclimate Research

Understanding and quantifying uncertainty in integrated mountain hydroclimate research remain
outstanding challenges. Key unanswered science questions for mountain systems are: What are the scales
and spatiotemporal distributions of model, data, and predictive uncertainty, and how is decision-making
impacted by the uncertainty in these distributions that propagates through the chain of model outcomes
for atmosphere, terrestrial, and human systems? Correspondingly, major science gaps include (1)
quantifying and attributing uncertainty due to downscaling approaches, model resolution, and model
representation; (2) understanding the roles of system feedbacks in uncertainty propagation; (3) evaluating
the impact of inadequate or missing representation of human multisector dynamics on uncertainty; and (4)
communicating uncertainty to stakeholders and decision-makers. Workshop participants identified several
research opportunities to address uncertainty:

e Quantify and attribute model uncertainty by developing multimodel and large ensembles
featuring different modeling approaches, simulations with and without model couplings,
simulations at different modeling resolutions, and perturbations of initial conditions.

e Inform the changing risk landscape and tradeoffs to support decision-making by developing and
using probabilistic modeling frameworks to address uncertainties.

viil
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e Understand the limit of predictability from subseasonal to multidecadal time scales through novel
numerical experiments specifically designed to study predictability of integrated mountain
hydroclimate and inform decision-making.

e Improve uncertainty quantification for extreme and compounding events, such as drought
followed by heatwaves and wildfires, via Big Data mining and improve simulations coupled with
measurements.

e Improve communication of the uncertainty, actionability, and decision relevance of modeling and
prediction research through co-production of knowledge and data between scientists and
stakeholders.

Integrated Activities

A synthesis of the thematic gaps, challenges, and opportunities summarized above highlights the needs
and opportunities for further advancing research in integrated mountain hydroclimate through integrated
activities on three crosscutting topics: extreme events and impacts, transferable knowledge, and
actionable science.

e Extreme Events and Impacts. Extreme events and disturbances are typically defined relative to
an historical baseline, but such definitions do not necessarily translate into the impacts of these
events. There is broad agreement on the need to redefine extreme events in terms of their impacts,
as determined by stakeholders, based on the unique characteristics of each mountain system.
Using extreme-producing phenomena and their impacts as a central focus may accelerate progress
in addressing gaps and challenges discussed in the “Mountain Extremes” section (see p. v).

e Transferable Knowledge. Mountain hydroclimates share many similarities, but they also differ
due to variations in physical conditions, spatiotemporal scales of phenomena, and human systems
management at upstream and downstream locations. Opportunities to enable knowledge transfer
include (1) taking advantage of existing “network-of-network™ groups to explore existing datasets
across global observatories and identify process drivers, (2) designing model simulations to
inform new measurements needed for different communities, and (3) performing model
intercomparison studies across spatiotemporal scales and locations to inform drivers and
responses to change.

e Actionable Science. Providing actionable science insights and predictions to support decision-
making requires minimization of biases, since dynamical simulations are subject to uncertainties
and errors. To advance actionable science, leveraging existing stakeholder engagements may
provide important opportunities for defining the requirements and needs for simulations and
observation data. Other approaches include co-producing knowledge and data, developing
regional themes related to extreme events that disproportionately impact society, and quantifying
the risk tolerance in decision-making.

Agency Activities, Coordination, and Collaborations

A need for long-term observational platforms and research to improve models motivates further
intentional efforts to facilitate cross-divisional and interagency collaboration and coordination. Multiple
EESSD-supported field campaigns and coordinated projects already feature cross-divisional collaboration
on integrated mountain hydroclimate research. Some grassroots efforts also exist among scientists and
agencies to foster networking and idea generation for future collaboration. Other modes of interaction to
facilitate collaboration include: (1) “give-to-get” approaches in which a project supported by one agency
provides data, modeling, and observational resources to a second project supported by another agency for
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an effort that fits within the other agency’s missions but contributes to a shared program or goal; (2)
“build it and they will come” scenarios in which field-based user facilities and community watersheds are
developed with the goal of stimulating new funding by other agencies to support research in the same

location and contribute to a shared vision; and (3) new shared funding opportunities whereby interagency
teams develop and support research from the outset.

An interagency roundtable with program managers during the workshop highlighted that successful

collaborations across federal, state, and local decision-making entities will require (1) Research-2-

Operations (R20) and Operations-2-Research (O2R) development cycles, (2) a shared understanding of
the prediction problem, (3) approaches geared toward stakeholder co-production of research, (4) bottom-
up and top-down collaboration business models, and (5) defining of priority regions. Because of the need

for long-term observational platforms and modeling research for mountain systems, several opportunities
were highlighted:

Improve knowledge transfer and shared understanding by fostering more collaborations and
comparisons across sites in mountain catchments instrumented around the globe.

Connect with stakeholders by envisioning and executing storyline approaches focusing on how
specific extreme events observed in the past may unfold in the future under climate change.
Examples include “Miracle March,” “Monsoon Rescue,” and “Santa Slammers.”

Accelerate development of models and improve testbeds by expanding coordination across
regions and programs that more optimally leverage observational datasets, stakeholders, and
science communities.

Leverage “community watersheds” that support and attract a community of researchers with
common interests to facilitate increased collaborations through shared resources and goals.

Enable knowledge transfer by guiding decision-making for new mitigation strategies to address
the impacts of mountain hydroclimate extreme events.

Facilitate grassroots and agency-driven mountain research collaboration by developing
experimental watersheds to host long-term observational and modeling platforms.
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1. Introduction

Mountainous systems cover approximately 23% of the global land surface and are distributed across all
continents of the globe (Fattorini et al. 2020). Mountain systems can capture and store atmospheric
moisture, which is then cycled through the subsurface and terrestrial system, released to downstream
communities, and cycled back to the atmosphere. Over 40% of global mountains maintain a seasonal
snowpack (Wrzesien et al. 2019). Because of the critical role of snowpack storage in providing water
during dry seasons (Viviroli et al. 2007), mountain regions are “water towers” for major population
centers. Mountain water resources support not only human activities, they are also vital to diverse
ecosystems and biogeochemical cycles in the mountain environment.

1.1 Significance of Changing Mountain Hydroclimate

Mountainous systems are undergoing rapid climate change (Hock et al. 2019). Observations of amplified
warming with elevation (Mountain Research Initiative EDW Working Group 2015), multidecadal
declines in April snowpack (Mote et al. 2016) and increasing growing season lengths have cascading
effects through terrestrial and aquatic ecosystems (Huss 2017), and on hydrological partitioning and water
delivery (Rumsey et al. 2017). As extreme events become more severe due to warmer temperatures and
associated increases in atmospheric moisture (Song et al. 2022), mountain hydroclimate may change
nonlinearly and push historically assumed system behavior into conditions that have no historical analogs.
Humans and ecosystems rely on mountain systems for stable water sources that are increasingly
vulnerable to disturbances and extreme events induced by climate change. This vulnerability highlights
the need to address challenges for predicting and understanding the role of integrated mountain
hydroclimate systems and their feedbacks and impacts on humans across scales.

Changing mountain hydroclimate is projected to profoundly impact mountain water supply. Beginning
with the water cycle, future mountain snowpacks are expected to decline and even disappear in some
mountain ranges in climate-sensitive regions (Siirila-Woodburn et al. 2021). The complete loss of snow is
the worst-case scenario. However, even a shift from rare or short-term occurrences of low-to-no snow to
more persistent occurrences could significantly affect mountain resource management. Given projected
declines and potential disappearance of mountain snowpacks and the importance of spring snowmelt in
water management decisions, much research is needed to understand the drivers and processes underlying
observed mountain hydroclimate changes. This research would enable scientists to assess current and
future snow conditions in mountains across the globe and understand how these changes will impact
water delivery downstream.

Atmospheric impacts on water partitioning have cascading effects on mountain watershed hydro-
biogeochemistry. Since bedrock-through-canopy interactions can be a feedback of major greenhouse gas
emissions to the atmosphere, a fundamental research gap exists regarding how these interactions and the
biogeochemical cycles critical for regulating nutrient storage and release mechanisms will respond to
changing water cycles. In one example in the Upper Colorado river basin, decadal declines in river
exports of nitrate have been identified and associated with important vegetation, biogeochemical,
microbial, and hydrological exchange patterns that are controlling this downward decadal trend
(Newcomer et al. 2021). Understanding how watersheds retain and release essential elements in the face
of changing climate in general, and changing snow conditions in particular, is important for understanding
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past and future changes in biogeochemical cycles not only in mountain areas but also in downstream
regions through sediment, element, and nutrient (e.g., carbon and nitrogen) transport by rivers.

Future snowpack and other mountain-wide changes may have implications not only for water supply and
hydro-biogeochemistry but also for local-to-regional circulation and teleconnections from mountain to
lowland areas. For example, large perturbations of atmospheric flow by the Rockies can propagate
downwind and influence the formation of clouds and precipitation in the U.S. Great Plains (Carbone and
Tuttle 2008). Research is needed to examine how changes in hydrological processes in mountain regions
may have long-range implications for atmospheric circulation and hydroclimate. Conversely, aerosol
deposition on snowpack from long-range atmospheric transport could affect mountain snowpack, with
subsequent local and remote influences through perturbations of the surface energy and water balance
(Qian et al. 2009; Kassianov et al. 2017; Sarangi et al. 2020).

1.2 Workshop to Identify Research Needs and Opportunities
Motivated by the gaps in understanding and modeling mountain hydroclimate and the need for credible
projections of future changes, the Earth and Environmental Systems Sciences Division (EESSD) within
the U.S. Department of Energy (DOE) Biological and Environmental Research (BER) program sponsored
a virtual workshop titled “Understanding and Predictability of Integrated Mountain Hydroclimate” to
inform and catalyze EESSD’s interests and approaches to addressing the scientific and societal challenge
of enhancing predictive understanding of integrated mountain hydroclimate. In the context of the
workshop, integrated mountain hydroclimate (IMHC) is defined as a collection of mountain subsystems,
from the deep subsurface through vegetation to the atmosphere, that interact as a result of water and
elemental movement and nature-societal interactions. Key natural processes controlling how energy,
water, and biogeochemistry interact from bedrock through the atmosphere include water, energy, and
elemental transport in the soil-plant-atmosphere continuum, vegetation and groundwater table dynamics,
boundary layer turbulence, clouds and convection, and radiative transfer in the atmosphere and vegetative
canopy. Key human-related processes that critically influence mountain systems include water
infrastructure, forest management, land use, and agriculture. Important to the definition of IMHC are the
dynamic interactions and feedbacks among various system components and influences that give rise to
complex system behaviors, including compound extreme events and potential system thresholds and
tipping points.

The workshop aimed to provide insight on priority challenges and regions and to identify future research
needs and opportunities for increased collaborations among federal agencies. Participants addressed the
following charge questions:

1. What are the key science gaps and questions and highest-priority research challenges in
integrated mountain hydroclimate? Are there domain-specific science gaps that must be
addressed to facilitate progress on integrated research challenges?

2. Are there highest-priority regions (within North America and globally) for focused research in
mountain hydroclimate systems to address these science questions? Are there strategic regions to
develop transferable knowledge and extensible approaches to apply at global scales?

3. What are some of the short- (1 to 3 year) and medium-term (3 to 6 year) integrated research
opportunities to advance understanding and prediction of hydroclimate processes and interactions
in mountainous regions?
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What are the short- (1 to 3 year) and medium-term (3 to 6 year) opportunities within and across
existing projects and BER Science Focus Areas to build more integrated frameworks that are
extensible across multiple regions and employ leading-edge science approaches (e.g., integrated
observatories; data-model integration; high-resolution, hierarchical, and hybrid modeling; multi-
scale modeling; edge computing; and artificial intelligence and machine learning)?

What is the long-term (10 year) DOE vision for addressing integrated mountain hydroclimate
challenges? What are the future opportunities and research needs, and how can the short- and
medium-term opportunities and goals related to research challenges and existing DOE projects
come together to meet this vision?
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2. Workshop Structure

Integrated mountain hydroclimate (IMHC) research identified in this report will accelerate progress on
four of the five grand challenges identified in the 2018 Earth and Environmental Systems Sciences
Division Strategic Plan: integrated water cycle, biogeochemistry, drivers and responses in the Earth
system, and data-model integration. IMHC research incorporates many disciplines and applications
aligned with these grand challenges, including climate and atmospheric sciences, hydrology,
biogeochemistry, ecology, and human multisector dynamics, all of which are connected by the integrated
water cycle.

To address the outstanding challenges of IMHC, the workshop included two sessions organized by
disciplinary, cross-disciplinary, and crosscutting science topics. The disciplinary and cross-disciplinary
topics focused on essential elements of the integrated mountain hydroclimate: atmosphere, terrestrial, and
human systems and their interactions. Breakout sessions on the disciplinary and cross-disciplinary topics
facilitated identification of crosscutting topics and central emerging themes. Workshop co-chairs worked
closely with the co-leads of the disciplinary and crosscutting topics to further identify and invite plenary
speakers, panelists, and workshop participants. The workshop was conducted in a virtual format, with a
total of 104 participants from U.S. and international universities, national laboratories, industry, and
government agencies. To address the interdisciplinary challenges of mountain hydroclimate systems and
to provide a broad range of perspectives, workshop participants represented diverse expertise in
atmospheric, ecosystem, and watershed sciences; Earth system variability and change; and observational,
experimental, and Earth and environmental systems modeling of both natural and human components.

2.1 Session 1: DOE FOCUS

This two-day session (November 15-16, 2021) focused on connecting existing DOE investments to
accelerate progress on scientific challenges to understand the mountain hydroclimate system and
associated processes. It provided a forum for scientists across a variety of academic, nonacademic, and
federally funded research programs to present mountain hydroclimate-relevant projects and resources,
including field campaigns and research projects, long-term field sites and investments, and modeling
activities.

e Day 1 focused on disciplinary and cross-disciplinary science needs associated with three key
topics: (1) atmospheric, (2) terrestrial, and (3) human system processes. Workshop participants
discussed the current status, gaps, and opportunities in understanding, observing, and modeling of
local processes, remote connections, and hydrological connectivity across multiple spatial and
temporal scales from subseasonal to seasonal, and on to multidecadal variability and changes.

e Day 2 focused on three integrated, crosscutting topics and challenges: (1) human-terrestrial-
atmosphere interactions, (2) IMHC variability and change, and (3) societal connections and
implications. Workshop participants discussed the current status, gaps, and opportunities in
understanding, observing, and modeling of human-terrestrial-atmosphere interactions in the
context of diurnal and seasonal variability; extreme events; coupled water-carbon-nutrient cycles;
IMHC variability and change, including contrasting different climate/hydrological regimes,
responses to large-scale forcing; climate change impacts and processes in mountain systems; and
challenges in connecting mountainous hydroclimate research to meet societal needs. Based on
common themes that emerged from the disciplinary, cross-disciplinary, and crosscutting topical
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discussions, workshop participants also discussed integrated activities focusing on three themes:
(1) extreme events, (2) transferable knowledge, and (3) actionable science.

2.2 Session 2: Interagency Collaborations

This session took place on January 19, 2022. Participants from Session 1 were joined by program
managers and project representatives from other federal agencies in addition to DOE. A set of key
outcomes from Session 1 was presented by the workshop co-chairs at the opening of the session. This was
followed by short presentations from multiple agencies and a roundtable discussion on ongoing activities
across different agencies. Panel discussions were held on both the disciplinary (atmosphere, terrestrial,
and human systems) and crosscutting (human-terrestrial-atmosphere interactions, IMHC variability and
change, and societal connections and implications) topics. Lastly, a panel of program managers provided
their perspectives on interagency collaborations on IMHC research and led an open discussion. Within the
short presentations and discussions, key takeaways from Session 1 were further explored through the lens
of multiagency collaborations and coordination.

Through plenary presentations, breakout groups, panel presentations, and roundtable discussions,
workshop participants shared research goals and progress, identified gaps in understanding and modeling
mountain hydroclimate, and discussed short-term (< 3 years), medium-term (3 to 6 years) and long-term
(10 years) opportunities to address data, measurement, and modeling gaps. The detailed workshop agenda
is provided in Appendix A, and the list of registered workshop participants is included in Appendix B.

This report summarizes the key outcomes of the workshop, with a focus on providing insights on priority
challenges and future research needs for advancing understanding of IMHC. It also identifies
opportunities to increase collaborations among existing EESSD programs, projects, and high-value
synergies and to leverage EESSD investments and other federal agency efforts. This report is structured
like workshop: disciplinary science (Ch. 3), cross-disciplinary science (Ch. 4), crosscutting science (Ch.
5), integrated activities (Ch. 6), agency activities and interagency coordination and collaborations (Ch. 7),
workshop agenda (Appendix A), registered workshop participants (Appendix B), and references
(Appendix C).
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3. Disciplinary Science

3.1 Atmosphere

Atmospheric processes across various scales play major roles in shaping the integrated mountain
hydrological cycle. Small-scale processes, such as aerosol-cloud-radiation interactions, intersect with
medium-scale processes, such as orographic circulations, clouds, and precipitation, as well as with large-
scale processes, such as atmospheric rivers and teleconnections (see Fig. 3.1). Ultimately, these complex
multiscale interactions influence atmospheric elevation gradients and spatiotemporal variability in
temperature and precipitation timing, amount, and phase that shape the speed at which water is stored and
transported from the headwaters to downstream communities that rely on it. Due to the multiscale aspects
of atmospheric processes that shape mountain environments, a variety of approaches are needed to better
understand how mountain processes interact across scales and will be uniquely affected by climate change
in different global mountain regions. These include the use of long-term observational networks and
shorter-term intensive field campaigns, paleoclimate proxies, regional high-resolution modeling, and
long-range climate model projections.
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Fig. 3.1. Atmospheric Processes Relevant to Mountain Regions from Lowlands to Mountaintops.
Mountain regions play a critical role in shaping the phase, distribution, magnitude, and intensity of
precipitation. [Reprinted from Hatchett, B. J., et al. 2016. “Some Characteristics of Upside-Down Storms
in the Northern Sierra Nevada, California-Nevada, USA,” Proceedings from the 2016 International Snow
Science Workshop, Breckenridge, Colorado. Copyright Montana State University Library 2022.]
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3.1.1 Atmospheric Knowledge Gaps and Challenges

Understanding of atmospheric processes in mountain terrain has steadily improved over the last 50 years,
leading to significant advances in prediction of mountain hydroclimate. However, many science gaps
remain related to cloud processes, feedbacks, and scale interactions, all of which lead to challenges for
modeling and predictive understanding. We describe the following four knowledge gaps and challenges:
cloud processes in mountain terrain, atmosphere-surface interactions, cross-scale interactions within and
downstream of mountains, and modeling limitations and tradeoffs in complex terrain.
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Cloud Processes in Mountain Terrain

Mountain terrain influences atmospheric conditions that determine cloud radiative effects and
precipitation phase, intensity, and spatiotemporal distribution. Critical cloud processes operating at
smaller scales than can be resolved by modern weather and climate prediction models need to be
parameterized, which introduces uncertainties and biases in cloud and precipitation properties. Mountain
terrain forces multiscale circulations that form a complex array of clouds that are difficult to represent in
models but important for the surface radiation balance, which can impact snowmelt and temperature as
well as subsequent clouds and precipitation.

Hydrometeor phase partitioning affecting riming versus vapor growth that controls the type, location, and
efficiency of precipitation remains poorly predicted. This influences where precipitation falls, with greater
riming contributing to more windward slope precipitation and more vapor growth pushing precipitation
toward the lee of mountains (Hobbs et al.1973). These processes depend on small-scale updrafts and
similar scale topographic features that influence them, neither of which are sufficiently resolved in even
high-resolution regional models (e.g., Kirshbaum 2020).

Much of the precipitation in many mountain regions is produced via convection that is initiated by
topographically induced ascent (Kirshbaum et al. 2018). Many aircraft radar measurements show that
convective circulations are even common in larger-scale stratiform precipitation with clear local
enhancement of precipitation (e.g., Geerts et al. 2015), which is difficult to predict (Fuhrer and Schiir,
2005). Deep convection also preferentially forms over and near mountain terrain due to orographic
circulations, at times producing extreme precipitation events that are difficult to predict given the
relatively small-scale nature of some storms. Combined with the channeling of runoff into canyons,
mountain terrain is particularly susceptible to flash floods (Smith et al. 2018). Indeed, slow-moving
storms that can be relatively small-scale can produce destructive flash floods in mountain terrain (Maddox
et al. 1978).

Extreme precipitation and flooding over mountain terrain can also occur through sustained upslope flow,
where collision-coalescence contributes significantly to precipitation amount (e.g., Gochis et al. 2013).
However, these processes are difficult to predict due to their dependence on aerosol concentrations
(Choudhury et al. 2019), which are modulated by poorly quantified precipitation scavenging of aerosols
and complex orographic flow interactions (e.g., Muhlbauer and Lohmann 2008) as well as anthropogenic
and wildfire emissions that are often absent in models. Mountainous terrain also often forms multilayer
clouds due to deep tropospheric lift and cool, moist air trapped in mountain valleys or blocked flow. This
can lead to seeder-feeder interactions that can double daily rainfall in mountain valleys and may be a
major source of model bias because of the difficulty in resolving such cloud layers (e.g., Duan and Barros
2017). All these processes require further observational constraints and improved representation in
weather and climate models.

Atmosphere-Surface Interactions

Clouds, precipitation, and surface state interact to affect mountain hydroclimate. The impacts of
multiscale land-atmosphere coupling on mountain meteorology and surface conditions such as snowpack
require inquiry across feedback pathways and scales. For example, rain-snow partitioning is largely
assumed to be solely temperature dependent in most atmosphere and land-surface models, yet new
research shows that surface humidity and winds can appreciably augment the presence of snowfall at
above-freezing conditions (Jennings et al. 2018). Insufficient snowpack or surface moisture can warm and
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dry the boundary layer, feeding back to clouds and precipitation. There are also likely to be other
feedback loops involving atmosphere and land surface processes, with implications for predicting
mountain hydroclimate across scales (Siirila-Woodburn et al. 2021). Cloud and precipitation prediction
errors consequently increase via their impacts on surface conditions and surrounding atmospheric
circulation patterns that feed back to influence subsequent evolution of clouds and precipitation. Indeed,
such feedbacks are not well characterized. These feedbacks may also impact much larger-scale
circulations and remote regions via teleconnections (e.g., Letcher and Minder 2018), but such interactions
remain poorly understood.

Cross-Scale and Downstream Interactions
Cross-scale processes in mountain terrain and their downstream atmospheric circulation responses are not

well-represented in models. Higher-resolution models have led to substantially improved precipitation
prediction over mountain terrain (e.g., Wang et al. 2018) such that they are now thought to outperform
gridded observational retrievals that rely on statistical relationships to spatially interpolate in some data-
sparse regions like mountains (e.g., Lundquist et al. 2019). However, this is not true everywhere, and a
scarcity of robust observational data limits the ability to quantify model bias and truly assess the added
value of resolution in many mountain regions such as the South American Andes (Condom et al. 2020;
Thornton et al. 2022). Such models are also computationally expensive and are thus limited in domain
size, simulation length, and ensemble possibilities.

Systematic analyses of coordinated regional climate modeling ensembles (e.g., CORDEX) have been
invaluable in deciphering multiscale and intermodel differences in simulating mountain precipitation
character (i.e., intensity, frequency, and duration). A key finding from these coordinated modeling efforts
is that there is a clear, systematic improvement in modeled diurnal and seasonal precipitation when
models are run at 3-km versus 12-km resolution across the European Alps (Ban et al. 2021). In addition,
from an atmospheric circulation perspective, better resolving mountain terrain (e.g., Sierra Madres of
Mexico) at higher resolution has been shown to mitigate a long-standing, systemic bias in the
representation of the atmospheric general circulation (Baldwin et al. 2021), namely the double ITCZ bias,
which has profound implications for downstream mountain hydroclimates (Dong et al. 2021).

Another long-standing modeling issue has been how to best represent boundary layer mixing in complex
terrain with limited resolution. Many climate models lack the necessary vertical resolution, particularly in
the boundary layer, to properly represent surface fluxes and mixing into the upper atmosphere that can, in
turn, influence local microclimates and downstream atmospheric circulations. Further, boundary layer
mixing parameterizations have largely been designed for flat, homogeneous terrain (Finnigan et al. 2020)
and may generate too much stability in complex terrain, particularly over snow covered areas (Slater et al.
2001). This leads to erroneous surface temperature lapse rates at higher resolutions (Rhoades et al. 2018).
Mountains must be emphasized more as important natural testbeds during model development,
particularly to assess the added value of resolution, cross-scale interactions, and scale-aware physical
representations.

Modeling Limitations and Tradeoffs in Complex Terrain

The necessary and sufficient model setup to assess mountain hydrological cycle processes, particularly
when factoring in the regional importance of internal variability and scenario uncertainty is still unknown.
The heterogeneity of mountain landscapes emphasizes the need for systematic evaluation of the necessary
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model setup in terms of resolution (both horizontal and vertical) and model complexity, both of which are
required for climate models to sufficiently represent the mountain hydrological cycle. Model setup also
needs to be juxtaposed in terms of its relative importance to both internal variability and scenario
uncertainty in driving regional hydroclimates, and setups may differ from one mountain region to the
next. To enable this advance, more internationally coordinated, high-resolution, multimodel ensembles
assessed across a matrix of horizontal and vertical resolutions (structural uncertainty), ensemble members
(internal variability), and socioeconomic development scenarios (scenario uncertainty) are needed
(Gutowski et al. 2020; Schér et al. 2020). This effort would be better enabled, particularly at sub-3-km
resolutions, if model code were adapted to new supercomputing architectures (e.g., graphics processing
units) and support staff were available to handle and curate exascale data volumes to expedite scientists’
analysis workflows.

Given limited computational resources, a balance needs to be achieved between model resolution, initial
condition and perturbed parameter ensembles, and physics parameterization complexity, but the optimal
balance for various weather and climate applications remains unclear, particularly in complex terrain.
Furthermore, models are not equitably evaluated across global mountain ranges, hindering their utility in
advancing hydrometeorological process understanding and climate impact assessments. At the same time,
continued development of observational and modeling capabilities is required, which presents further
challenges.

Differing scales, uncertainties, and complexities are required depending on the problem being tackled, but
it is unclear which should receive priority and how resources would be best balanced across a range of
problems and methods. Similarly, models are often built to predict mean states well, but more than ever
they also need to predict extremes for which they may not be well suited (e.g., La Follette et al. 2021).
Extreme events could act as potential opportunities to pinpoint process understanding and model
representation deficiencies (e.g., orographic precipitation and freezing levels during atmospheric rivers)
and model “blind spots” (e.g., downslope winds and wildfire-related impacts). Such events also could
enhance usability of model hindcasts, forecasts, and projections for decision-relevant outcomes (e.g.,
Hatchett et al. 2020).

3.1.2 Atmospheric Research Opportunities

Several opportunities exist to make progress toward overcoming the atmospheric science gaps and
challenges in mountain regions identified above. Namely, better leveraging existing data, data
harmonization, expanding coordination among modeling activities, mining of large benchmark
simulations, improved observational sampling and integration with models, and knowledge transfer.

Better Leveraging Existing Data

There is an opportunity to more fully utilize and synthesize the wealth of data that already exists from
operational surface networks, research stations, and targeted field campaigns by connecting across these
resources. Substantial data often remain unexplored, and some campaign objectives that depend on
connecting several findings may not be fulfilled. The accumulation of underutilized data and unfulfilled
potential from past field campaigns coupled with operational networks and state-of-the-art modeling
present a major research opportunity. For example, DOE supported a recent field campaign in subtropical
mountain terrain called CACTI. Collaboration with the RELAMPAGO campaign supported by the
National Science Foundation (NSF) and additional contributions from Argentinean and Brazilian

colleagues as well as NASA amplified the potential impact of research through shared datasets that
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multiple independent researchers could analyze and compare simultaneously. Similarly, the DOE-
supported SAIL campaign’s coordination and collaboration with the SPLASH campaign supported by the
National Oceanic and Atmospheric Administration (NOAA) has resulted in collection of data covering
multiple aspects of mountain processes. The SAIL and SPLASH collaboration represents an opportunity
to use an unprecedented level of mountainous meteorological coverage to explore research questions
related to scaling (upscaling and downscaling), novel inclusion of spatially and temporally complete
datasets into process-based models (i.e., bedrock-through-canopy hydro-biogeochemical models), and
exploration of transferability of mechanisms to other highly (and nonhighly) instrumented sites (see Box
3.1 for definitions). Tremendous time and effort are required to organize these large, multiagency
campaigns, and they hold tremendous potential for interdisciplinary scientific breakthroughs due to their
comprehensiveness relative to smaller campaigns.

Box 3.1 Definitions of Scaling, Transferability, and Storylines

Data Harmonization

A major hurdle for researchers to realize the full potential of so many underutilized datasets is a lack of
standardized data formatting and quality control. In addition, datasets tend to be spread across a
patchwork network of different data archives. Research efficiency and impact would likely be greatly
amplified by expanding data harmonization and building data repositories. Many programs have large,
organized repositories with readily accessible datasets in common, easy-to-use formats. A good example
is the data center for the Atmospheric Radiation Measurement (ARM) user facility within the Earth and
Environmental Systems Sciences Division (EESSD). However, not all atmospheric observation and

modeling programs have put resources into creating such user-friendly repositories or adopting standard
data and metadata formats. Such widely variable designs are an impediment to efficient research.

Efforts have increased to build repositories with graphical user interfaces that facilitate actionable science
by stakeholders focused on specific topics such as Cal-Adapt. Projects such as GASSP have also recently
started to harmonize extensive global datasets of specific properties (Reddington et al. 2017). While this
trend is promising, these tasks are a small portion of what is possible. This could be because they require
significant time and effort that are not sufficiently recognized, funded, or rewarded. Of first-order
importance is agreeing on common variables (e.g., Thornton et al. 2021) and standardized naming and
unit conventions for variables, which would allow for easier combinations of datasets from different
observational and modeling programs over long periods. This is a tall task by itself given the number of
datasets and variability among them, but it would be very impactful because of the statistical power it
would bear, which circumvents a primary weakness of observations and their application to model
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evaluation and improvement: unrepresentative, limited sampling. To build the largest, most
representative, and easiest-to-use datasets possible for model evaluation, improvement, and machine-
learning (ML) applications, a common framework needs to be adopted by the wide range of measurement
facilities across many different agencies.

Expanding Coordination Among Modeling Activities

On the modeling side, many projects have spun up and include both mountain hydroclimate and
atmospheric process components. HyperFACETS, WACCEM, CASCADE, and CLLASP are DOE-
supported projects with some objectives that align with those of projects supported by other programs
such as HIMAT, TEAMX, and ANDEX. Projects are often organized by region or storyline with
multiscale foci ranging from regional mean climate to smaller-scale high-impact events. Some

collaboration already occurs between project and model development teams, but more integration is
possible, as are more interactions with stakeholders who can use the most relevant information to make
societally relevant decisions based on predictions. These projects need to be maintained, but opportunities
exist to expand coordination across regions and programs that more optimally leverage observational
datasets and various stakeholders, as well as science communities, to develop model evaluation and
improvement testbeds.

Mining of Large, Benchmark Simulations

Recent computational advances have led to projects implementing regionally focused historical and future
climate runs (e.g., CORDEX) down to kilometer-scale grid spacing (e.g., Liu et al. 2017; Musselman et
al. 2018; EXCLAIM). These advances significantly reduce precipitation and temperature biases in
mountain terrain. Considerable resources are being spent to expand these further into global- and
regionally refined kilometer-scale simulations using the DOE Energy Exascale Earth System Model

(E3SM; Caldwell et al. 2021; Liu et al., in review). Although kilometer-scale simulations do not fully
resolve mountain processes, such as orographic precipitation and its hydrologic impacts, they demonstrate
obvious improvements compared to climate simulations typically run at grid spacing between 25 to 100
km. Seasonal-to-decadal kilometer-scale simulations are also feasible using regional models and global
models with regionally refined meshes. However, kilometer-scale simulations are far from fully utilized,
with ample opportunities to mine well-curated output from such simulations to target critical, uncertain
processes. Large-eddy simulations can be used to probe more detailed processes over complex terrain.
Further opportunities exist to better link model components from different communities (e.g.,
implementing snow models into mesoscale models or developing integrated atmosphere-through-bedrock
modeling capabilities that capture the entire mountain hydrological cycle, including subsurface
processes).

Improved Observational Sampling and Integration with Models

More than ever, opportunities exist to better integrate measurements, multiscale models, and ML for
scientific advances, model development, and improved guidance of observational needs. While
observations are a critical check on models, which often contain errors due to simplifications relative to
the real world, observational sampling is limited and therefore representativeness errors are produced.
Observations also measure a state rather than a process and often employ imperfect models to retrieve
variables. Thus, models are also critical for informing and gap-filling observations. Advances in
computing are opening opportunities to use high-resolution modeling with complex physics
parameterizations, observational simulators, and ML to connect observable atmospheric-state properties
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to unobservable processes in novel ways. Such methods could also revolutionize data assimilation by
overcoming linear operator limitations, observational networks, and targeted field campaigns through
optimized designs for specific targets and improve prediction uncertainties via large, low-cost ensembles.
Model ensembles also could be used to objectively determine which observations are most valuable and
where they should be obtained. Models and observations have tended to focus on geographical regions
such as the Rockies and the European Alps, which share some characteristics with other mountain ranges
of the world (e.g., glacier retreat in a warming climate) but are also meteorologically unique. Even within
relatively well-observed ranges, some microclimates remain poorly characterized. Remote, high
ridgelines and peaks are poorly sampled by surface measurements (Thornton et al. 2022), while valleys
are poorly observed by remote sensing. Yet, characteristics and processes within these undersampled
regions each play critical roles in modulating atmospheric circulations that control precipitation intensity,
duration, and location. It is possible that these sampling biases have skewed scientific understanding and
model designs, which would potentially benefit from studying poorly observed ranges. However, there
are also cases to be made for targeting mountain ranges that are expected to experience emerging climate
shifts sooner or those that are most vulnerable or relevant to societal needs (e.g., water yields).

Research that embraces DOE’s coupled Model-Experimentation (ModEx) approach (see Box 2.2) can be
used to better inform observational strategies and guide these important decisions related to selecting
locations and scales of priority regions. The strategy and success in this ModEx approach rely on early
model application efforts to regions before any new observational campaigns are deployed by adequately
synthesizing and testing pre-existing available and historical datasets as a pre-ModEx activity. There is
also a need for model development in new regions to broaden the use of observational data that span
multiple regions and components of the mountain hydrological cycle as a way of testing model
transferability. This requires incentive structures that break down traditional scientific silos and the
development of multidisciplinary teams to evaluate processes that span the atmosphere through bedrock.

Box 2.2 Definition of the ModEx Approach

Knowledge Transfer

To achieve better predictive understanding of mountain systems and project future changes to them, a
coordinated effort is needed to diagnose essential underlying mountain processes that will be impacted by
climate change (e.g., snow albedo feedback and dynamical and thermodynamical controls on orographic
precipitation). A hierarchy of models also needs to be leveraged to inform best practices in observational
constraints and downscaling methods. However, insufficient communication and knowledge transfer
between different communities with common goals have limited scientific progress. For example, while
studies of weather events within the context of climate have become widespread, there has only been
limited collaboration among top scientists and programs in these different communities. Efforts have been
made to include more scientists from relatively data-sparse and study-limited regions into major modeling
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and observational initiatives, yet significant improvements are still needed. Many such efforts to date
have focused primarily on North America and Europe. More inclusive and broader-scoped research
studies spanning multiple data- and model-poor mountain regions around the globe (e.g., Africa and
South America) are needed to understand fundamental mountain processes, how they are modeled, and
how they might be affected under climate change and to ensure that they are extensible, transferable, and
useful for planning and adaptation efforts. Knowledge and capability transfer between different countries
requires better frameworks that more easily facilitate collaborations and communications among scientists
and relevant stakeholders (e.g., Rhoades et al. 2022).

3.2 Terrestrial

Through accumulation and melting of snowpack, mountain regions are “water towers” for major
population centers and agricultural regions. The role of mountains as water towers is reflected mostly on
the regional scale, the scale at which mountains define the hydrauli